ABSTRACT Whole cells of archaea were embedded in vitreous ice by plunge freezing and investigated by automated energy-filtered electron tomography at 120 kV. The embedded cells were between 300 and 750 nm thick, and their structures were reconstructed to a resolution of 20 -40 nm from tilt series comprising 50 -140 images. The dose was kept within tolerable limits. A resolution of 20 nm allowed visualization of the individual stalks of the S-layer of Pyrobaculum aerophilum cells, which had undergone partial lysis, in three dimensions. The attainable resolution for low-dose electron tomography under different experimental conditions was theoretically investigated in terms of the specimen thickness. To obtain 2-nm resolution at 120 kV (300 kV), the specimen must not be thicker than 100 nm (150 nm). For a resolution of 10 nm, the maximum thickness is 450 nm (700 nm). An accelerating voltage of 300 kV is advantageous, mainly for specimens thicker than 100 nm. Experimental investigations so far have resulted in a resolution that is worse by a factor of 2-5 as compared to theory.
INTRODUCTION
Electron tomography allows the three-dimensional investigation of structures over a wide range of sizes, from cellular structures to single macromolecules. It has recently been applied to the study of stained sections of mitochondria (Mannella et al., 1994; Perkins et al., 1997) , centrosomes (Moritz et al., 1995) , and secretion organelles (Shillito et al., 1997) . In contrast to resin embedding and sectioning, preparation in amorphous ice yields a better preservation of the native state of biological samples. In principle, the interpretation is also more straightforward, because in stained samples it is unclear-at least on the molecular scale-how the stain distribution relates to the underlying biological structure. However, specimen contrast in amorphous ice is much lower, and the total electron dose is limited to roughly 2000 -6000 e nm Ϫ2 because of the radiation sensitivity of the ice-embedded samples. Radiation damage results in structural changes on the molecular level and at higher dose in bubble formation. Electron tomography ensures that this dose is used efficiently by applying it to a three-dimensional image instead of a mere projection (McEwen et al., 1995) . To use most of the allowed dose for the actual image acquisition, tomographic procedures have to be highly automated Dierksen et al., 1992 Dierksen et al., , 1993 Braunfeld et al., 1994) . This means that focusing and tracking of the sample during the tilt series have to be performed by computer control, at positions different from the actual region of interest. In this way it was possible to study virus particles (Dierksen et al., 1993) , lipid vesicles with or without cargo (Dierksen et al., 1995; Grimm et al., 1997) , and macromolecules (Nitsch et al., manuscript submitted for publication).
Energy filtering improves image contrast by selecting electrons within a narrow energy window, thereby minimizing the loss of resolution and contrast due to chromatic aberration (Schröder et al., 1990; Langmore and Smith, 1992; Grimm et al., 1996a) . If applied to thick stained sections, it can be used to image the most probable energy loss, which can also be exploited in electron tomography (Olins et al., 1989) . When ice-embedded specimens are investigated, the best contrast and resolution are generally achieved by selecting the zero-loss electrons for imaging (Grimm et al., 1996b) .
In the first section of this paper we will present recent results of tomography of ice-embedded whole cells of archaea. The long-term goal of these studies is the detection of macromolecular structures in their native context, i.e., in their cellular environment (we have previously used a system of actin and vesicles to study the feasibility of this aim for dilute samples; Grimm et al., 1997) . In a second section, considerations of the resolution that can be obtained in a tomographic reconstruction under low-dose conditions are presented. The calculations include the number of required images for a given resolution, the exposure time required for statistically significant images, and the effect of increasing specimen thickness.
MATERIALS AND METHODS
Sulfolobus cells (Brock et al., 1972; Schleper et al., 1995) were taken directly from stock solutions at an OD between 0.3 and 0.7, applied to a holey carbon grid, and plunge-frozen in liquid ethane (Dubochet et al., 1988) . Cells of Pyrobaculum aerophilum were first concentrated by centrifugation before application to the grid (Völkl et al., 1993) .
Electron microscopy was performed on a Philips CM 120 Biofilter (Philips E.O., Eindhoven, The Netherlands) with a post-column energy filter (Krivanek et al., 1995; de Jong et al., 1996) . The goniometer (Compustage) was fully accessible to external computer control. The accelerating voltage was 120 kV. The magnification was 6200ϫ or 14,500ϫ on the CCD camera (pixel size 24 m). Tracking of the specimen during tomography was done at 6200ϫ magnification. By further developing the software used in previous experiments (Grimm et al., 1997) , the programs for electron tomography were fully automated and implemented in the soft-ware package Digital Micrograph (Gatan, Pleasanton, CA) on a Macintosh 8500 computer. The reconstructions were computed by weighted backprojection with the EM software package (Hegerl, 1996) , with an image alignment using 10-nm colloidal gold particles added to the specimen.
RESULTS
The gain in resolution in the investigation of cells with a diameter of 0.5-1 m by zero-loss energy filtering (i.e., removal of the inelastically scattered electrons) is illustrated in Fig. 1 . The Sulfolobus cell is fully embedded in vitreous ice. The indicated thickness of the ice in Fig. 1 B corresponds to the local height of the cell. Energy filtering drastically improves the resolution and contrast of the image, so that the S-layer as well as some large structures inside the cell become visible. Because of the nonuniform thickness of the specimen, the count rate varies between 1 (35) and 200 (230) e/pixel in the filtered (unfiltered) image. When tilting, it is only possible to keep the count rate and thereby the signal-to-noise ratio (SNR) of one area of a given thickness constant for all angles by adjusting the exposure time according to t ϭ t 0 exp[T(cos Ϫ1 ␣ Ϫ 1)] (tilt angle ␣, specimen thickness in terms of the mean free path T). As the image intensity decreases exponentially with the thickness of the specimen, and the thickness changes as 1/cos ␣, the above scheme will result in a constant image intensity over the full tilt range for a specimen of homogeneous thickness and density. If the specimen thickness varies, severe over-or underexposure is observed in the hightilt images for those areas where the relative thickness differs strongly from T in the above equation. For the series presented below, we have chosen a variation with t ϭ t 0 /cos ␣ as a satisfactory compromise for T Ϸ 1 (see second section).
A tomographic reconstruction of a Sulfolobus cell is shown in Fig. 2 . All reconstructions were computed using the logarithm of the original image intensities, corresponding to the contrast produced by the removal of inelastically scattered electrons. This allows the interpretation of image intensities in the reconstructed volume in terms of relative mass densities. Reconstruction using the original image intensities leads to well-defined fine structures but inaccurate low-resolution information, as observed by a strong radial density gradient through the cell and in the z direction (data not shown). To be able to correctly interpret the full image information, it would be necessary to separate the linear and nonlinear contrast contributions (Han et al., 1996) . In principle, it would be possible to then reconstruct them independently. Because of the strong dose limitations and the comparatively low resolution of tomographic reconstructions of thick specimens, this is neither feasible nor worthwhile in our case. With 52 tilted images and a thickness of the cell of 750 nm at its thickest point, the reconstruction in Fig. 2 has a resolution in the z direction that is not better than 40 nm (see Eq. 1 below), with a higher resolution in the x-y plane and in the thin regions of the specimen. One can identify the cytoplasmic membrane (4 nm in width), the S-layer (ϳ10 nm width), and the space in between, the (quasi-) periplasmic space (ϳ20 nm wide) (Völkl et al., 1993) . This space is thought to be functionally analogous to the periplasmic space of Gram-negative eubacteria and represents an extracellular compartment (Baumeister et al., 1989) . The S-layer of the cell is partly discontinuous. Vesicles attached to the cell, a dense spherical "inclusion" in the cell, and a pilus (marked by arrowheads) are also observed. To obtain a higher resolution, it is necessary to distribute the dose of one series to more images. In higher-magnification tomography of single molecules, the lowest permissible dose per image is determined by the ability to align the individual images by image cross-correlation, eventually using high-contrast markers. In our case, the alignment is carried out using gold beads localized in the relatively thin ice film neighboring the cell. The dose per image is therefore determined by the requirement that the measured intensity on the CCD at the thickest part of the specimen, i.e., at the center of the cell, results in a sufficient SNR. An example of a cell with a nominal resolution of ϳ12 nm (139 images, 600 nm maximum thickness) is displayed in Fig. 3 . The actual resolution, however, is worse than 20 nm, be-FIGURE 2 Tomographic reconstruction of a whole Sulfolobus HI15 PING cell, maximum thickness 750 nm. The series consisted of 52 images between 60°and Ϫ67.5°tilt angle with an evenly spaced increment of 2.5°. The total dose for the series was 6000e nm Ϫ2 . The magnification was 6200ϫ. (A) Projection at 0°tilt angle. The image is divided into two halves with different scaling. The inset shows the positions used in electron tomography for imaging (center) and autofocusing (bottom) at an overview magnification. The direction of the tilt axis is indicated. (B) Lower half of the surface rendered reconstruction. The S-layer and a round structure within the cell are visible. (C) Sections (8 nm thick) from the reconstructed volume. The height in the z direction relative to the central section is indicated. Arrowheads point to features in the S-layer and to vesicles (white), to the electron-dense inner structure (gray), and to a pilus (black).
cause the periodicity of the S-layer lattice remains invisible (lattice spacing ϳ20 nm). Besides the identification of pili and discontinuities in the S-layer, this resolution allows the attached "vesicles" to be identified as budding protrusions, which are completely covered by an S-layer protein sheet. Within the densely filled cell, several smaller structures are barely observable when scanning through the x-y slices in the z direction. In addition, an unknown structure ϳ30 -40 nm in size could be clearly singled out (gray arrow in the last image).
Because Sulfolobus cells appear to be too large to visualize macromolecular complexes inside them at 120 kV, the archaeon Pyrobaculum, with a diameter of only 400 -500 nm, was chosen for further investigation. With a lattice spacing of the S-layer of ϳ30 nm (Völkl et al., 1993) , this cell type is appropriate for demonstrating that the resolution of the reconstruction is at least better than this value. Fig. 4 shows a projection and slices from the reconstruction of a mostly empty Pyrobaculum cell. It is ϳ700 nm wide and 300 nm thick at its highest point around an enclosed structure of condensed cell contents. An investigation by elemental mapping (using the three-window method) of this structure, which was found in all cell ghosts, did not reveal a significantly increased concentration of phosphorus, as FIGURE 3 Tomographic reconstruction of a whole Sulfolobus NOB8H2 cell, maximum thickness 600 nm. The series consisted of 139 images between Ϫ64°and 50°with a variable tilt increment according to the scheme proposed by Saxton et al. (1984) , starting with an increment of 1.1°at 0°tilt. The total dose was 7000e nm
Ϫ2
. The magnification was 6200ϫ. (A) 0°projection from the series (as in Fig. 2 A) . (B) Sections (16 nm thick), 150 nm apart in the z direction, from the reconstructed volume. Pili (black arrowheads) and a small round structure (white arrowhead) are seen. (C) Details from the x-y sections (pixel size 8 nm). The individual sections are 8 nm thick and 40 nm apart. A damaged S-layer and budding (white arrowheads) and pili (black arrowheads) are observed. The gray arrowhead in the last image shows a distinct dark feature within the cell that can be identified when scanning through the stack in the z direction.
should be the case if the structure consisted of condensed DNA. The nominal resolution of the series was 15 nm, so that the defocus was set accordingly, with the first zero of the CTF at (11 nm) Ϫ1 , corresponding to about a quarter of the Nyquist frequency. The localization and orientation of S-layer stalks in a hexagonal lattice can be clearly identified in all sections. These stalks anchor the surface layer into the cell membrane, creating the (quasi-) periplasmic space (Phipps et al., 1990) , which is 15-17 nm wide (Phipps et al., 1991) . From Fig. 4 B one can infer that the cell is almost completely collapsed. At the top edge of the image, the upper layer (relative to the z direction) is visible in the second to fourth images of the first row, whereas the lower layer is seen in the last image of the top row and the first FIGURE 4 Reconstruction of a 300-nm-thick collapsed Pyrobaculum cell from 58 images in the range between Ϫ63°and 61°. The defocus was 33 m, so that the first zero of the CTF was at about (11 nm) Ϫ1 . Magnification 14,500ϫ, total dose 7000e nm Ϫ2 . (A) Projection at 0°tilt. The area and direction of the sections shown in C and D are indicated in black and white, respectively. (B) Sections in the x-y plane. All sections are 8 nm thick. Only every other section is shown. One can observe a slight tilt of the cell about the x axis. The S-layer periodicity is readily visible on the top and bottom. (C) Sections in the x-z plane as indicated in A. Even though the membrane can only be followed at the edges, because of the missing wedge, the stalks of the S-layer can be seen in all directions. (D) y-z sections clearly showing the stalks on the top and bottom of the cell, and the stalks in the x direction at the edge. The periodicity of the S-layer is ϳ30 nm. two images of the second row (round markers). Fig. 4 C shows this flattening more clearly, especially in the first image. Near the enclosed spherical structure, the cross section is bottle-shaped, which is clearly seen in the marked image in the fifth row. Even though the membrane is only seen close to the edges because of the missing wedge, it can be traced by the fact that the stalks are always oriented perpendicular to it. Fig. 4 D clearly reveals the cross section of the stalks near the edge of the cell, where they are attached to the membrane.
A second reconstruction of a Pyrobaculum cell is shown in Fig. 5 . Even though the cell appears to be intact (judging from the 0°projection), the reconstruction shows that it is in fact almost empty, and that the dark appearance of the cell in the projections is a thickness effect. The whole cell is 500 nm thick and not more compressed in the z direction than expected for intact cells. Fig. 5 , B and C, shows x-y slices revealing the S-layer periodicity at the top (C) and bottom (B) of the cell. This periodicity was not visible in any of the projections. Fig. 5 D displays slices in the x-z plane, which reveal that the density is only slightly higher in the cell than in the embedding ice film. At the lower end of the cell, the cross sections of the stalks are again clearly seen. As the cell is oriented slightly diagonal in the volume, only a few stalks are seen in the y-z slices (data not shown). With almost twice as many projections, this reconstruction has the same nominal resolution as in Fig. 4 , because of the larger thickness of the cell. The somewhat poorer visibility of the stalks FIGURE 5 A whole 500-nm-thick Pyrobaculum cell that is only slightly compressed by the embedding ice layer, even though it appears empty upon close examination of the densities. Ninety-six images between Ϯ60°were recorded. Because of the smaller defocus of 14 m and the larger thickness, the contrast is less than in is due to the smaller defocus (14 m versus 33 m). It is obvious that the low contrast of ice-embedded structures poses a limitation for this type of tomography, which cannot use averaging as a remedy.
DISCUSSION
Whole cells of the archaeon Sulfolobus, with a diameter of ϳ1 m, were embedded in vitreous ice. Flattening to ϳ600 nm occurred because of the surface tension of the solution during preparation of the thin ice films. The structure of the cells was investigated in three dimensions by electron tomography, with a resolution of 20 -40 nm. The nature of the large round structure inside the cytoplasm of the cell in Fig.  2 C is not known. It is spherical, with a diameter of 150 nm, and is significantly more dense than the cytoplasm on average. We assume it to be a densely packed inclusion body of unknown composition. We have found structures of similar size, sometimes more than one (e.g., in Fig. 1 ), in many other cells of the same species. In projection images it is not possible to distinguish them from contaminating round ice crystals, so that tomography was necessary to show that they were indeed located inside the cell.
The cytoplasm of the Sulfolobus cells appears to be densely packed. The density is homogeneous throughout the cells, and there are no regions of low density, as sometimes observed as an artifact in sectioned cells after chemical fixation and embedding at room temperature. As the intensity of the pixels in the reconstructed volume is proportional to the relative density, we can obtain a rough estimate for the protein concentration (more precisely, the total concentration of proteins and other biomolecules). We assume that the image intensity due to (hydrated) protein corresponds to the minimum intensity (maximum density) within a reconstructed slice. This can be obtained from the dark inclusion in Fig. 2 C, from the intensity of the S-layer boundaries, or from an analysis of the gray-value distribution within the cell. These values are only approximate, as the densities of lipid and protein are not equal, and as the composition of the inclusion is not known. All three measurements lead to similar results, however. The density of ice can be measured outside the cell. From these values and the mean intensity inside the cell, we obtain a protein concentration of 30 -50%. As the calculation involves only relative intensities, we do not need to know any actual densities of the reconstructed volume. The obtained concentration is similar to the concentration measured by biochemical means for Escherichia coli cells, 0.3-0.4 g ml Ϫ1 (Zimmerman and Trach, 1991) . It confirms that the in vivo concentration of protein is extremely high. The resulting close packing of the individual proteins makes their identification in electron tomographic sections difficult.
Tomography of Pyrobaculum cells was able to show the hexagonal array structure of the S-layer in three dimensions, meaning that a resolution significantly better than 30 nm was achieved for 300 -500-nm-thick specimens. Even though this is not sufficient to identify single macromolecules, it may serve as an indication of the feasibility of localizing large macromolecular complexes in three dimensions in a not too crowded volume.
As whole cells are large structures offering information over a large size range, it would be convenient to use a larger detector like film for image recording. However, because of the limited dynamic range of this medium, it is generally unsuitable for specimens with thickness variations as large as those shown here, at least if contrast is enhanced by energy filtering. Application of higher accelerating voltages for the investigation of whole cells is mandatory, if structures larger than 1 m in diameter are to be observed, to penetrate the specimen and to minimize multiple (elastic) scattering events. A higher accelerating voltage also leads to a substantially improved resolution for tomography as shown below. However, from the experience presented here, we believe that energy filtering is even more helpful for achieving a reasonable resolution.
The representation of three-dimensional crowded volumes poses a challenge by itself. If single molecules are to be visualized in cells as shown in Fig. 2 , neither surface rendering nor volume rendering alone will be sufficient. It will be necessary to find a way of localizing the molecules, possibly by three-dimensional cross-correlations. As the molecules are randomly oriented in the volume, their cross section in slices through this volume may not be sufficient for detection and identification, except perhaps for highly symmetrical particles. In a final step, the particles would have to be isolated and visualized individually. Because of the dose restrictions it may even be that direct visual recognition of single molecules will not be possible, so that one has to rely on cross-correlation with a well-defined reference or on specific markers.
Estimation of the practical resolution limit of cryotomography
In addition to relatively poor contrast, the critical limitation for cryomicroscopy is the structural damage of the embedded sample due to the electron beam. The allowed dose differs from specimen to specimen. At 120 kV, it is roughly 2000 e nm Ϫ2 for high-resolution studies of single molecules and 6000 e nm Ϫ2 or more for studies at lower resolution. Visible bubble formation sets in at ϳ12,000 -30,000 e nm
Ϫ2
for the specimens shown in this study. The restriction of the allowed electron dose not only necessitates automation of tomographic procedures for ice-embedded specimens, it also fundamentally limits the obtainable resolution.
The parameters that have to be chosen for a tomographic series are the number of tilts and the tilt increment scheme, the exposure time for each image, the magnification, and the microscope defocus. The choice of each parameter is determined by the desired final resolution of the reconstruction.
Number of tilts and tilt scheme
According to Crowther et al. (1970) and Hoppe (1969) , the resolution of a reconstruction, d, is determined by the tilt increment ␣ 0 , assuming equidistant sampling of the angular range:
where D is the diameter of the specimen, and ␣ 0 is given in radians. The effects introduced by the limited angular range (unavoidable in single-axis-tilt tomography) do not enter the calculations directly. The tilt increment is usually left unchanged throughout the tomographic series:
This sampling leads to an isotropic resolution only if the geometric thickness of the specimen is independent of the tilt angle (i.e., if the specimen is rod-shaped; Barnard et al., 1992) , and if there is no missing wedge. In all other cases, the tilt increment should become smaller at high tilt angles, to "compensate" for the increasing specimen thickness. Even though different schemes for changing the tilt increment have been developed, the one by Saxton et al. (1984) has been most widely adapted. It will be referred to as the "Saxton scheme." The tilt angle varies as
Equation 3 is slightly different from that given in a footnote in Saxton et al. (1984) , because the authors used an approximation to the exact formula. The scheme was originally designed to leave the sampling distance at the resolution limit on a Cartesian grid in the z* direction unchanged, which is especially desirable for crystalline specimens. The number of images in a tomographic series in terms of ␣ 0 for the tilt range Ϯ␣ max is
approximated for the Saxton scheme (5) For a tilt range of Ϯ60°and an initial increment of 1.5°, there are 81 images with constant increment and 99 images for the Saxton scheme. In the following, only the Saxton scheme will be considered. The maximum number of tilts used in practice is ϳ150, so that the duration of a series with 1.5 min per tilt angle is ϳ4 h (including some user interaction).
Exposure time
All images of a tomographic series should ideally have a similar SNR. As the specimen thickness in the beam direction generally increases with the tilt angle, the exposure time should also be increased. If this is not done, the images at high tilt angles show an insufficient SNR, or the images at low tilt have an unnecessarily high SNR, thereby "wasting" the electron dose. The most useful schemes for varying the exposure time are
t ϭ t 0 /cos ␣ "cos"
where T ϭ D/⌳, D is the specimen thickness at 0°tilt, and ⌳ is the effective mean free path. The relative exposure time t/t 0 for the three cases is displayed in Fig. 6 , in the "exp" case for several values of T as parameter. For the reconstruction, the images have to be normalized with respect to the exposure time, so that the incident beam dose becomes nominally the same for all tilt angles. The "exp" scheme is designed to keep the count rate on the detector, and thereby the SNR, constant in all images of a specimen of constant thickness. The effective mean free path in this case is an empirical mean free path that depends on the particular objective aperture used. In the case of an energy-filtering microscope, it is approximately the inelastic mean free path, for which a value of 200 nm (350 nm) is used in the following for 120 kV (300 kV) electrons (Grimm et al., 1996b) . As inelastically scattered electrons do not carry high-resolution information, the same values should be used for resolution estimation, even without energy filtering. The thickness of the specimen is only known with limited accuracy beforehand, and possibly is not constant over the field of view, so that a constant SNR cannot be achieved in practice. In the case of whole cells in thin ice, the "cos" scheme has proved to be useful. At 60°, the relative exposure time for the "cos" scheme is 2, whereas it is 1.6 (2.7/7.4/20/55) for the "exp" scheme for a 100-nm (200 nm/400 nm/600 nm/800 nm)-thick specimen at 120 kV. If the longest exposure time due to the stability of the cryoholder is 2 s, the shortest useful exposure time of a CCD FIGURE 6 Relative exposure time t/t 0 for the different time variation schemes (Eqs. 6 -8) and a tilt range up to 75°.
camera (used for tracking) is ϳ0.005 s, and the exposure for image acquisition is at least 10 times this value, one obtains a factor of 40. Another limitation is the brightness of the electron gun, i.e., whether enough electrons can pass the specimen to produce a significant signal on the detector in such a short period of time. In any case, it is necessary to require a minimum count rate on the detector for an SNR that is sufficient for marker alignment of the individual images. It was chosen as p ϭ 5 e/pixel from practical experience (p ϭ 2 e/pixel will also be investigated). This results in the minimum dose for the untilted image, so that the total dose of a series can be calculated from the sum over all exposure times during the series.
Magnification and defocus
The nominal resolution of a CCD image is twice the pixel size on the specimen level. Because of an insufficient transfer function (MTF) of the CCD camera, it is often advisable to reconstruct only up to a 2 ϫ 2 binned resolution, corresponding to a 2ϫ oversampling: os ϭ 2 (the case os ϭ 1 will also be investigated). This, in turn, allows to us set the defocus to higher values, i.e., the first zero of the CTF can be chosen to be at half the Nyquist frequency, thereby increasing image contrast as compared to imaging without oversampling.
Estimation of the resolution
Building the above assumptions (five electrons per pixel and 200 nm (350 nm) mean free path at 120 kV (300 kV)) into a simulation, one can calculate all necessary quantities to estimate the achievable resolution at a given dose. The basic tilt increment is determined from the specimen thickness and the required resolution, as given by the Crowther criterion (Eq. 1). The required resolution, together with the given oversampling factor, determines the magnification. The magnification, in combination with the required count rate per pixel, yields the dose needed for the untilted image. In this calculation it is important to consider the exponential attenuation of the incident beam due to inelastic scattering in the specimen. The dose for the reconstruction is then computed iteratively, summing all exposure times at all tilt angles and multiplying by the dose at 0°tilt angle. The necessary dose for a given resolution in the reconstruction is shown in Fig. 7 . At the voltages of 120 kV and 300 kV, which are currently used for low-dose tomography, both cases assume zero-loss energy filtering. Whereas 300 kV instruments have so far mainly been used for homogeneously thick specimens, so that the "exp" time increment scheme should be chosen, tomography of whole cells in thin ice, for which the "cos" time increment scheme is advantageous, has only been performed on a 120-kV instrument. The tilt range of Ϯ60°is currently the standard for beamsensitive specimens. The range of Ϯ70°requires substantially more dose, but the gain in resolution is not formally described by the Crowther criterion (for a discussion of the dependence of resolution on the tilt range, see the book by Frank (1992) ). The Ϯ70°range has been evaluated only for 300 kV. To be able to directly compare the different accelerating voltages, the equivalent dose, which is proportional to ␤ 2 (␤ ϭ v/c is the ratio of the electron velocity to the FIGURE 7 Total dose in electron tomography, using accelerating voltages of 120 kV or 300 kV, with zero-loss energy filtering, as a function of resolution. Four cases are shown for six specimens of different thickness. For 120-kV accelerating voltage, the exposure time is varied according to the "exp" scheme and the "cos" scheme (Eqs. 7 and 8), with an angular range of Ϯ60°. For 300 kV, the "exp" scheme is assumed, and the dose with an angular range of Ϯ60°and Ϯ70°is shown. The cases where the total number of images is below 150 are shown with thick lines. Fine lines indicate a total number between 150 and 300. The Saxton tilt angle increment scheme was chosen in all cases. p ϭ 5 and os ϭ 2.
speed of light), has been chosen for plotting instead of the absolute electron dose. A factor of 1.75 more electrons are allowed at 300 kV as compared to 120 kV, because of the larger mean free path lengths. In all cases, the total dose is proportional to d
Ϫ3
, as observed in Fig. 7 . The attainable resolution for a given set of parameters varies by a factor of somewhat more than 2 for a change in dose by a factor of 10. This means that there is little use in increasing the total dose and thereby risking the structural preservation of the sample when thin specimens are investigated at high resolution. For thick specimens, the loss in resolution due to beam damage will in most cases be smaller than the gain in resolution due to the increased electron dose. It is interesting to note that in the shown range in the figure it is not possible at all to image samples 600 nm and thicker with a Ϯ70°a ngular range at 300 kV using the "exp" time variation, or 800-nm-thick samples with Ϯ60°angular range at 120 kV. For a given initial tilt increment ␣ 0 , corresponding to a certain thickness, the number of images in a series depends only on the angular range. The resulting resolution can be attained with a 300-kV instrument with less dose than at 120 kV. For a thickness of more than 100 nm and a dose of 2000 e nm Ϫ2 , with a 300-kV instrument one always needs to record more than 150 images for the resolution shown in Fig. 7 . If the dose is limited to 8000 e nm Ϫ2 , no more than 300 views are needed.
To be able to better compare the resolution obtained for the four different cases, it was plotted against the specimen thickness for a fixed dose of 6000 e nm Ϫ2 in Fig. 8 A. In general, the resolution limit increases exponentially for a specimen thickness greater than ϳ200 nm. The difference in the resolution for the cases illustrated becomes small for a thickness of less than 100 nm. The case with the "cos" time variation scheme cannot be directly compared with the others, as it represents a different specimen geometry. For specimens of a thickness that allows using this time variation scheme, the obtained resolution can be significantly better than in the case of a homogeneously thick specimen. However, for an 800-nm-thick sample, the resolution is still worse than 20 nm in this case (for Fig. 8 , no limit has been set for the relative exposure time). The most important question is whether the resolution necessary for the detection of single macromolecules can be achieved for a given specimen. At 120 kV, 10-nm resolution can be obtained for specimens up to 440 nm thickness, whereas the specimen must not be thicker than 220 nm for 4-nm resolution and 100 nm for 2-nm resolution. Identification of individual molecules, using their shape as a signature, requires a resolution of 2-4 nm, whereas large structures such as S-layer stalks can be seen because of their periodic arrangement, even at 10 nm resolution. At 300 kV, the corresponding thicknesses for 2-nm, 4-nm, and 10-nm resolution are 150, 360, and 700 nm, respectively. The gain by the higher accelerating voltage due to the higher mean free path and due to the increased allowable dose is therefore substantial. Fig. 8 B shows the resolution for Ϯ60°and the "exp" time variation scheme for the two voltages and for three different dose limits. Compared with the values for 6000 e nm Ϫ2 , the same resolution can be obtained for specimens that are thicker (thinner) by a fixed amount if 12,000 e nm ) is used. The shift is 60 nm (Ϫ90 nm) for 120 kV and 90 nm (Ϫ130 nm) for 300 kV at a dose of 12,000 e nm Ϫ2 (2000 e nm Ϫ2 ) (thickness greater than 100 nm). Fig. 8 C shows the resolution for the two accelerating voltages at 6000 e nm Ϫ2 if the restrictions on the required number of electrons per pixel or the oversampling on the CCD camera are changed. This illustrates the order of magnitude of the changes. As the calculations are in any case idealized, it should be assumed that resolutions in actual reconstructions may be worse by a factor of up to ϳ5, as inferred from our practical experience so far. ; (B) for three different dose limits with an angular range of Ϯ60°and the "exp" increment for the exposure time; (C) for two different minimum count rates per pixel and two oversampling factors, Ϯ60°tilt range, 6000e nm Ϫ2 dose limit, and the "exp" increment scheme.
CONCLUSIONS
Using the constraint that five electrons per pixel should be available in every projection, the resolution that can be attained in a tomographic reconstruction has been calculated depending on the specimen thickness and on the accelerating voltage used. If specimens thicker than 100 nm are investigated, a total number between 100 and 300 views is required to obtain the optimum resolution. Identification of single macromolecules, which requires a resolution of 2-4 nm, is only feasible in specimens thinner than 200 nm (350 nm) at 120 kV (300 kV). Useful low-resolution reconstructions (ϳ10 nm) are possible with specimens up to 450 nm (700 nm) thick. These values are calculated on a theoretical basis and certainly have to be corrected for real tomography, because of the nonideal use of electrons for imaging, the additional dose needed for the automation of tomographic procedures, and artifacts introduced by the missing wedge. The experimental reconstructions shown had a resolution that was worse by a factor of 2-5. This is probably due to the fact that neither the chosen magnification nor the dose per image was truly optimized yet. The given numbers correspond to angular ranges of Ϯ60°and Ϯ70°.
Other microscopies, i.e., confocal microscopy and particularly x-ray microscopy, are also being continuously developed toward higher resolution. These techniques are able, at least in principle, to image structures up to several microns in thickness in a hydrated state. Although the resolution of conventional confocal microscopy is limited to ϳ200 nm in the x-y plane and 400 in the z direction, recently 4-confocal microscopy has reached a resolution better than 100 nm in all directions (Hell et al., 1997) . X-ray microscopy, like electron microscopy, is largely limited by specimen damage due to the penetrating beam. Cryofixation of the specimen will result in a decreased sensitivity and will prevent specimen motion if tomographic techniques are applied (Methe et al., 1998) . With a current 3D resolution of ϳ100 nm on beam-insensitive specimens, one may eventually be able to reach 30 -50 nm for biological specimens (Kirz et al., 1995; Sayre and Chapman, 1995) . Even though the damage produced in the specimen for a certain signal is higher for x-rays than for electrons, x-rays are advantageous for imaging specimens in thick (Ͼ1 m) layers of water or ice. This is due to the presence of the "water window," in which the penetration distance through water is about an order of magnitude larger than in organic material. This leads to higher contrast as compared to electron microscopy, however at significantly lower resolution.
Is electron cryotomography worthwhile? The answer is generally yes. Electron tomography is able to attain resolutions necessary for macromolecular studies in specimens of up to ϳ400 nm thickness. It thereby opens access to cellular structures at a resolution that cannot be attained by other methods. As good resolution is only available for relatively thin objects and many cellular structures are much larger than 400 nm, cryosectioning instead of plunge-freezing of whole cells will be the technique of choice. For specimens thicker than 400 nm, the resolution of the reconstructions is too low to take full advantage of the better structural preservation by ice-embedding. When single macromolecules are investigated, electron tomography can be performed in conjunction with averaging (Nitsch et al., manuscript submitted for publication). Thus far in this case, other singleparticle reconstruction schemes have the advantage of experimental simplicity.
